Background: Molecular mechanisms of bone resorption during odontogenesis are entirely unknown. In this study, we investigated the expressions of receptor activator nuclear factor κB ligand (RANKL), osteoprotegerin (OPG) and tumor necrosis factor-α (TNF-α) during early-stage tooth germ development. Methods: Developing tooth germs in rats, including Hertwig's epithelial root sheaths (HERS) at prenatal day 20 and postnatal days 1, 3, 5, 7 and 9, were examined. Expressions for RANKL, OPG, and TNF-α in mRNA, as well as protein levels, were evaluated by RT-PCR and immunohistochemistry. Results: mRNA expression levels for RANKL were significantly increased at postnatal days 3 to 9. Those for OPG increased from 1 to 5 days. However, those for TNF-α did not change between prenatal day 20 and postnatal day 5. On each postnatal day, RANKL was immunohistochemically localized in dental follicle cells attached to HERS, as well as in the crown region. HERS cells were also immunopositive for RANKL at postnatal day 7 and later. OPG was weakly immunolocalized in dental follicle cells from postnatal days 1 to 5, whereas after postnatal day 7 it disappeared. Conclusions: These findings revealed that the RANKL-RANK signaling, but not TNF-α signaling, plays a major role during bone resorption in the dental follicle surface to the HERS during early-stage tooth development.
Introduction
The tooth germ develops via interactions between epithelial and mesenchymal cells and increases its volume in the alveolar bone, which is constantly resorbed during tooth formation (1) . It plays an important role in dental follicles and Hertwig's epithelial root sheath (HERS) for the development of the tooth germ, as well as for alveolar bone resorption. In general, the major factors required for bone resorption include the receptor activator of nuclear factor-κB ligand (RANKL), which is localized on the surfaces of osteoblasts, and the receptor activator of nuclear factor-κB (RANK), which is localized on the surface of osteoclast progenitors (2) . In addition, Ikeda et al. (3) reported that physical contact is not the only mechanism by which osteoblasts are formed. RANKL-RANK signaling plays an important role in osteoclast formation. Physical contact between osteoblasts and pre-osteoclasts, involving direct interactions between RANKL and RANK, is required for osteoclastic formation.
In terms of osteoclast formation, tumor necrosis factor-α (TNF-α) is also important, because TNF-α, which is a multifunctional cytokine, regulates various cellular processes such as proliferation, differentiation, maintenance of the differentiated phenotype, apoptosis in various types of cells including bone cells, and induction of the multinucleation of pre-osteoclasts, which are mononuclear cells. It has been reported that TNF-α promotes bone resorption in vitro and in vivo by activating mature osteoclasts (4-7), by stimulating the proliferation and differentiation of osteoclast precursors (8) , or by indirect effects on osteoblasts (9) .
However, the involvement of RANKL-RANK signaling and/or the expression of TNF-α during tooth development is not clear at the molecular level.
On the other hand, it is known that osteoprotegerin (OPG), which is a TNF super family member produced by stromal cells, pre-osteoblasts, and osteoblasts, is a decoy receptor for RANKL that inhibits cell-cell signaling to prevent osteoclast formation (10) . The mechanism of the relationship between RANKL and OPG during tooth germ development, and the expression of TNF-α on physiological alveolar bone is also not clear.
The purpose of this study was to investigate the expression of RANKL, OPG and TNF-α during early-stage tooth germ development.
Materials and methods

Animals
This study was conducted in compliance with the Guidelines for the Treatment of Experimental Animals at the Tokyo Dental College. A total of thirty Sprague-Dawley rats at prenatal day 20 and postnatal days 1, 3, 5, 7 and 9 (Sankyo Labo Service Corp. Inc., Tokyo, Japan) were used in these experiments. The animals were housed in a room with a 12-hour light-dark cycle, and postnatal rats were reared with their mothers.
Histology
Rats were sacrificed with an overdose of sodium thiopental (Ravonal ® , Mitsubishi Tanabe Pharma Co., Osaka, Japan), after which the mandibles were surgically removed at each time period. Specimens were fixed with 4% paraformaldehyde for 3 days at room temperature. They were then decalcified with 10% formic acid for 1 week at room temperature and were rinsed with distilled water, dehydrated with a graded series of ethanol, and embedded in paraffin. Serial sections were cut at 3 μm thickness, stained with hematoxylin-eosin (H-E), and then observed with a light microscope.
Immunohistochemistry
For immunohistochemistry, paraffin sections were deparaffinized and immersed in methanol containing 0.3% H2O2 to block intrinsic peroxidase activity. The sections were pre-incubated with 0.01% citric acid for 35 min at 65℃. They were then incubated for 60 min at room temperature in 10% normal goat serum diluted by PBS at a 1:500 dilution containing monoclonal antibodies against RANKL (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, clone N-19, diluted at 1:50) and OPG (Santa Cruz, H-249, 1:50). We checked the epithelium on the same slides for negative control.
Reverse transcription polymerase chain reaction (RT-PCR)
For quantitative RT-PCR analysis, rats were sacrificed with an overdose of sodium thiopental as mentioned above, after which the tooth germ (n=5), including the HERS of the first molar of the lower jaw bone was isolated by mechanical means. Total RNAs were then extracted using BIOROBOT EX1 (Qiagen Inc., Hilden, Germany) and an EZ1 RNA Universal Kit (Qiagen). Extracted total RNAs were used to produce cDNA, as described below.
Total RNAs were reverse-transcribed and amplified in 20 μl volumes of RNA PCR buffer (QuantiTect ® Reverse Transcription Kit, Qiagen) containing 2 U/μl RNAase inhibitor, 0.25 U/μl reverse transcriptase, 0.125 μM oligo dt-adaptor primer, 5 mM MgCl2, and RNAase-free water. RT-PCR products were analyzed by quantitative real-time RT-PCR in TaqMan Gene Expression Assays (Applied Biosystems, Life Technologies Corpo ration, Carlsbad, CA, USA) for the target genes: RANKL (Rn99999017-m1), OPG (Rn00589289-m1) and TNF-α (Rn00563499-m1). The TaqMan Endogenous Control (Applied Biosystems) for the target gene β-actin (Rn00563499-m1) was used in the realtime PCR 7500 fast system (Applied Biosystems). Gene expression quantitation using TaqMan Gene Expression Assays was performed as the second step in two-step RT-PCR. Assays were done in 20 μl single-plex reactions containing TaqMan Fast Universal PCR Master Mix, Hematoxylin and eosin stain; × 15. The formation of dentin and enamel of the crown had started at postnatal day 1 (a). The formation of the tooth crown was almost completed, and the root dentin had started by HERS at postnatal day 9 (b).
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TaqMan Gene Expression Assays, dis tilled water, and complementary DNA, according to the manufacturer's instructions (Applied Biosystems). Reaction conditions consisted of a primary denaturation at 95℃ for 20 sec and then cycling for 40 cycles at 95℃ for 3 sec and at 62℃ for 30 sec.
Statistical analysis
Five independent experiments were conducted, and data were analyzed using one-way analysis of variance and multiple-comparison test (Scheffe test). Data are expressed as means ± standard deviation, with differences at P<0.05 considered to be statistically significant.
Results
Histological observations
At prenatal day 20, the tooth germ of the first molar was at the late cap stage. At that stage, tooth root formation had not started. At postnatal day 1, the tooth germ had just entered the developmental stage termed the late bell stage, and formation of enamel and dentin of the crown had started (Fig. 1a) . At postnatal day 3, the tooth germ was still in the late bell stage. At postnatal days 5 and 7, the HERS had started to elongate towards the position of the root; however, root formation had not started yet. At postnatal day 9, tooth crown formation was almost completed, and root dentin formation had started on the HERS (Fig. 1b) .
Immunohistochemical staining
At prenatal day 20, RANKL was weakly positive in the cells of external enamel epithelium, dental follicle, and alveolar bone in the crown region (Figs. 2a, b) . OPG was weakly positive in a few cells of the external enamel epithelium and dental follicle in the crown region (Figs. 2c,  d ). At postnatal days 1 and 3, RANKL-positive cells were observed in the dental follicle adjacent to the alveolar bone. OPG-positive cells were also observed in the dental follicle adjacent to the alveolar bone, but not in areas adjacent to the HERS. At postnatal day 5, RANKL-positive cells could be seen in the dental follicle adjacent to the HERS, but only a few OPG-positive cells were observed in this area. At postnatal day 7, RANKL was strongly positive in cells not only in the dental follicle adjacent to the HERS and in the HERS itself, but also in cells adjacent to the alveolar bone (Fig. 2e) . However, only a few OPG-positive cells adjacent to the alveolar bone were observed (Fig. 2f) . At postnatal day 9, RANKL-positive cells were observed in the dental follicle in the crown region and in the root elongated region, including the dental follicle and the HERS. However, OPGpositive cells were not observed in the dental follicle in the crown region and at HERS.
RT-PCR
The expression of RANKL mRNA at postnatal days 5, 7, and 9 showed a tendency to increase and it was significantly higher at postnatal day 9 than at prenatal day 20 and postnatal days 1 and 3 ( Fig. 3a) (n=5, P<0.01 ). The expression of OPG mRNA at postnatal day 5 was significantly higher than ab, alveolar bone; dp, dental papilla; hers, Hertwig's epithelial root sheath (HERS); df, dental follicle. RANKL was weakly positive in dental follicle cells in the crown region at prenatal day 20 (a, b). OPG was weakly positive in only a few cells both in the external enamel epithelium and in the dental follicle at prenatal day 20 (c, d). RANKL was strongly positive in cells not only in the dental follicle adjacent to the HERS and in the HERS itself, but also in cells adjacent to the alveolar bone at postnatal day 7 (e). OPG-positive cells were not observed except for only a few cells adjacent to the alveolar bone at postnatal day 7 (f). df dp hers eo ab df dp hers df dp hers df dp hers at other times (Fig. 3b) (n=5, P<0.05 or P<0.01 ). There were no significant differences in the expression of TNF-α mRNA at prenatal day 20 and postnatal days 1, 3, and 5. However the expression of TNF-α mRNA at postnatal days 7 and 9 was significantly down-regulated (Fig. 3c) 
Discussion
The tooth germ in the alveolar bone consists of the enamel organ, the dental papilla and the dental follicle. The dental follicle, a loose connective tissue sac, plays a central role in regulating tooth development (11) , particularly in mediating the osteoclastogenesis needed for formation of the eruption pathway in the alveolar bone (12) (13) (14) . Wise et al. (15) and Liu et al. (16) reported that the rat dental follicle can express the gene for TNF-α, which was seen in the dental follicle at postnatal day 9 in comparison to earlier postnatal days. Also RANKL gene expression is more significantly up-regulated at postnatal days 9 and 11 than earlier postnatal days, and there is a burst of osteoclastogenesis at day 10 in the rat dental follicle (16) . Both teams found that TNF-α is able to recruit mononuclear cells and enhance RANKL expression for bone resorption.
In this study at the postnatal day 7, when bone resorption begins, the expression of RANKL m-RNA increase, but then the expression of TNF-α mRNA decreases. RANKL and TNF-α were remotely related to each other in osteoclastogenesis for bone resorption during early-stage tooth germ development. These results suggest that TNF-α is not involved in bone resorption during early-stage tooth germ development. On the other hand, after postnatal day 7, RANKL m-RNA expression increased but OPG m-RNA expression decreased. This means that the onset of HERS elongation animates the absorption and remodeling of surrounding bone prior to root formation.
RANKL and OPG are mediators of various cellular interactions, including bone metabolism. Ohazama et al. (17) suggested that the expression of OPG and RANK were observed in both the internal and external enamel epithelium, as well as in the dental papilla mesenchyme. Although the expression of RANKL was not detected in tooth epithelium or mesenchyme, it was expressed in pre-osteogenic mesenchymal cells close to developing tooth germ. RANK is localized on the surface of osteoclast progenitors and direct interactions between RANKL and RANK are required for osteoclastic formation.
In this study, RANKL was positive in cells of the dental follicle in the crown region at prenatal day 20, and after that time, RANKL-positive cells were observed in the dental follicle not only in the dental follicle in the crown region but also in the dental follicle adjacent to the HERS at postnatal day 5. At postnatal day 7, RANKL-positive cells were observed in HERS itself and in the dental follicle adjacent to the HERS. It has been postulated that some dental follicle cells may differentiate into the cementoblast of the tooth.
On the other hand, OPG was weakly positive in external enamel epithelium and in cells of the dental follicle at each , and 9 showed a tendency to increase, and those at postnatal day 9 were significantly higher than those at prenatal day 20 and postnatal days 1 and 3 (n=5, **P<0.01) (a). The expression of OPG mRNA at postnatal day 5 was significantly higher than at other times (n=5, *P<0.05, **P<0.01) (b). There were no significant differences in the expression of TNF-α mRNA at prenatal day 20 and postnatal days 1, 3 and 5. However the expression of TNF-α mRNA at postnatal days 7 and 9 was significantly down-regulated (n=5, *P<0.05, **P<0.01) (c). time period, although it was not detected after the HERS appeared. At postnatal day 5, the expression of OPG m-RNA was higher than at other days, and the crown formation had begun. Taken together, the expression of RANKL during tooth formation, including the crown and root formation, suggests that RANKL-RANK signaling works during alveolar bone resorption.
These results suggest that during early-stage tooth development, RANKL-RANK, but not TNF-α signaling, plays a major role during bone resorption in the dental follicle surface to the HERS.
